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Conventionally, the parallelism between the physical properties of Ce and Yb based magnets
and heavy fermions has been considered to arise as a consequence of the electron-hole symmetry
known for the band theory in condensed matter physics. Namely, the trivalent state of Ce has 4f1
configuration, while 4f13 configuration for Yb3+ can be viewed as a state carrying one 4f hole.
However, in the light of this parallelism, the magnetism of Yb based intermetallic compounds has
been a mystery over decades; the transition temperature of the Yb based compounds is normally very
small, as low as∼ 1 K or even lower, while Ce counterparts may often have the transition temperature
well exceeding 10 K. Here, we report our experimental discovery of the transition temperature
reaching 20 K for the first time in an Yb based compound. Our single crystal study using transport,
thermomagnetic and photoemission spectroscopy measurements reveals that the Mn substitution
at the Al site in an intermediate valence state of α-YbAlB4 not only induces antiferromagnetic
transition at a record high temperature of 20 K but also transform the heavy fermion liquid state in α-
YbAlB4 into a highly resistive metallic state proximate to a Kondo insulator. The high temperature
antiferromagnetism in a system close to a Kondo insulator is unusual and suggest a novel type of
itinerant magnetism in the Yb based heavy fermion systems.
Correlated electron systems have provided a number
of non-trivial phenomena including quantum criticality,
unconventional superconductivity and exotic magnetic /
electronic orders. 4f electron systems have provided pro-
totypical materials to study quantum criticality that ap-
pears as a result of the competition between the RKKY
interaction and the Kondo effect [1–10]. At the same
time, 4f electron systems also provide ideal to inves-
tigate the effects of correlation in the presence of the
strong spin-orbit coupling. The discovery of novel topo-
logical phases in weakly-correlated electron systems such
as topological insulators and Weyl semimetals have at-
tracted a lot of attention and boosted the search for such
topological phases in strongly correlated electron systems
[11–14]. Indeed, the evidence for the magnetic Weyl
fermions has been recently reported for the strongly cor-
related d-electron system Mn3Sn [15, 16]. Further candi-
dates have been lively discussed in 4f electron systems,
for example, topological Kondo insulators [17–20].
Among a number of 4f electron systems, most of the
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studies have focused on the Ce and Yb based compounds.
As the basis of the research, the parallelism between the
physical properties of Ce and Yb based magnets and
heavy fermions has been considered to arise as a con-
sequence of the electron-hole symmetry known for the
band theory. Namely, the trivalent state of Ce has 4f1
configuration, while 4f13 configuration for Yb3+ can be
viewed as a state carrying one 4f hole. However, in the
light of this parallelism, the magnetism of Yb based in-
termetallic compounds has been a mystery over decades;
the transition temperature of the Yb based compounds is
normally very small, as low as ∼ 1 K or even lower [4, 21–
31], while Ce counterparts may have the transition tem-
perature often well exceeding 10 K [32–36]. For example,
the compound well-studied for the quantum criticality,
YbRh2Si2, exhibits a clear antiferromagnetic transition
at the Ne´el temperature of 70 mK [4].
Among a number of Yb-based heavy fermion systems,
β-YbAlB4 is particularly interesting as it is the first ex-
ample of a heavy fermion superconductor and unconven-
tional quantum criticality without tuning, namely, at am-
bient pressure and at zero field [7, 37, 38]. Moreover,
recent studies have shown that the quantum criticality
appears in a finite range of pressure and is separated
from a magnetic instability under pressure by a Fermi
liquid phase [39]. This indicates that the ambient pres-
2sure quantum criticality emerges as a part of non-Fermi
liquid phase, and is not due to order parameter fluctua-
tions. In contrast, its isomorphic compound α-YbAlB4
has a Fermi liquid ground state while it exhibits almost
the same Kondo lattice like behavior at higher temper-
atures [40]. Recent Fe doping study has revealed that
a small amount of Fe doping of 1.4% induces nearly the
same type of quantum criticality found in β-YbAlB4 at
ambient pressure [41]. The clear anomaly in the low tem-
perature valence indicates quantum valence transition as
the most likely origin [41–43].
Another particularly striking feature found in these
compounds is the unusually high transition temperature
of their magnetism. For example, the transition temper-
ature exceeding 30 K was observed for β-YbAlB4 under
high pressure, which is a record high transition temper-
ature for Yb based compounds to date [44, 45]. In addi-
tion, for both alpha and beta phases of YbAlB4, a suffi-
cient Fe doping stabilizes an antiferromagnetic ordering
whose transition temperature becomes as high as 10 K
at ambient pressure [41, 46, 47]. Thus, these fascinating
observations of the unusually high transition tempera-
ture as well as the unconventional quantum criticality in
these systems clearly indicate a novel mechanism behind
the phenomena. A significant question would be whether
the transition temperature may become even higher than
10 K by another type of chemical doping to these systems.
If so, such a study would not only find the highest ever
magnetic transition temperature in the Yb-based com-
pounds at ambient pressure, but allows further in-depth
study to elucidate the electronic state change across the
transition by spectroscopic method, which has been oth-
erwise impossible for the Yb compounds to date.
Here, we report the discovery of high Ne´el tempera-
ture reaching 20 K, the highest temperature among the
Yb based intermetallic compound at ambient pressure.
As we show in Fig. 1, the Mn substitution at the Al site
of 4% is enough to induce an antiferromagnetic transition
in α-YbAlB4. The transition temperature exceeds 20 K
at the doping level of ∼ 30% Mn. The high transition
temperature cannot be explained by the RKKY interac-
tion and thus points to an itinerant type magnetic order.
On the other hand, the combination of the transport and
the photoemission spectroscopy (PES) measurements re-
veals that the Mn doping induces a hybridization gap at
the Fermi energy, causing a highly resistive non-metallic
behavior near x(Mn) = 0.5. Our study indicates that
the extremely high transition temperature appears in a
heavy fermion (HF) state proximate to a Kondo insula-
tor phase. The antiferromagnetic ordering in the gapped
state due to the strong hybridization indicates a novel
type of magnetic order formed by fully itinerant 4f elec-
trons.
Single crystals of α-YbAl1−xMnxB4 and α-
LuAl0.56Mn0.44B4 were synthesized by an Al-flux
method [48]. These were confirmed to have the same
structure as α-YbAlB4 by the powder X-ray diffrac-
tion measurements. The resistivity and specific heat
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FIG. 1. Phase diagram as a function of temperature T
(vertical axis) and Mn concentration x (horizontal axis) for α-
YbAl1−xMnxB4. The contour plot of the ab-plane resistivity
ρ is also provided in the same region of T and x. Each point
indicates the Ne´el temperature TN determined by the anomaly
found in the temperature dependence of the magnetization
(red squares) and specific heat (orange circles). The broken
line schematically refers to an phase boundary due to the
antiferromagnetic transition.
measurements were performed with a commercial
physical property measurement system (Quantum
Design, PPMS) at temperatures above 2 K. The mag-
netic susceptibility measurements were made with the
commercial magnetic property measurement system
(Quantum Design, MPMS). All the measurements were
made in the temperature range of 2-300 K (partly
2-700 K). The Mn concentration x was estimated by
Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES) within 0.6 % resolution. The µSR
measurement was performed in the GPS spectrometer
at the Paul Scherrer Institute, Switzerland.
The density of states near the Fermi-energy (EF) was
examined using the high-resolutional laser PES. The
samples were fractured in situ perpendicular to the c axis
under the base pressure of 2 × 10−11 Torr, and the spec-
tra were recorded using a VG Scienta R4000 analyzer.
The incident light was the 6th harmonic (6.994 eV) of
a Nd:YVO4 quasi-cw laser (Spectra-Physics Vanguard)
[49, 50] and the energy resolution was set to be 1 meV.
EF was calibrated using the Fermi cutoff of an evaporated
Au. The temperature dependence of the valence band
was recorded in the transmission mode at the normal in-
cidence, while the band dispersion was barely observed
in the angular-resolved mode.
Figures 2(a) and 2(b) display the temperature depen-
dence of the ab-plane magnetic susceptibility and specific
heat, respectively. With increasing the Mn concentration
x, the temperature dependence of the susceptibility ex-
hibits a clear kink and a bifurcation between the zero
field cooled (ZFC) and field cooled (FC) components of
the magnetic susceptibility. While no magnetic anomaly
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FIG. 2. (a) Temperature dependence of the magnetic susceptibility measured in the magnetic field along the ab-plane (B
= 1000 Oe). Open circles and filled circles refer to the Field Cooled (FC) and Zero Field Cooled (ZFC) components of the
susceptibility, respectively. Arrows indicate the transition temperatures defined as the onset of the bifurcation between the FC
and ZFC results. Inset shows temperature dependence of the inverse susceptibility for both ab-plane and c-axis components
of the susceptibility for the pure and the Mn-substituted α-YbAlB4. (b) Temperature dependence of the magnetic part of the
specific heat divided by temperature, Cmag/T . Cmag is estimated as Cmag = C(α-YbAl1−xMnxB4)−C(α-LuAlB4). Inset shows
the temperature dependence of the entropy calculated using the specific heat result. (c) ZF-µSR spectra in α-LuAl0.56Mn0.44B4
at 50 K and 1.7 K. Inset shows temperature dependence of the static relaxation rate ∆ in α-YbAl1−xMnxB4. No significant
change of ∆ is seen as a function of temperature. (d) Substitution x(Mn) dependence of the Weiss temperature (ΘW), the Kondo
temperature TK (left axis) and the effective moment (Peff) (right axis). (e) De Gennes factor and the transition temperature
of the RAlB4 systems with the YCrB4 type structure. (R refers to rare earth elements.) TN of R = Tm and R = Er, Ho
are determined by magnetic anomaly due to the hysteresis seen in the susceptibility reported in the literature [51] and [52],
respectively. Solid lines indicate the naive expectation of the transition temperatures for RAlB4 based on these transition
temperatures reported for R = Tm, Er, and Ho [51, 52], assuming that the transition temperature is proportional to the de
Gennes factor.
is found at x = 0.01, the bifurcation is clearly seen at the
concentration x higher than 0.11, and a small anomaly
appears already at x = 0.07. Correspondingly, the spe-
cific heat measurement finds a clear peak at almost the
same temperature as the bifurcation temperature of the
magnetic susceptibility curve. The anomaly observed in
both the susceptibility and specific heat demonstrates
that the antiferromagnetic transition is induced by the
Mn substitution. Strikingly, the transition tempera-
ture (TN) increases with increasing the chemical substi-
tution and reaches a temperature as high as 20 K at
x = 0.27. On the other hand, the susceptibility measured
for the nonmagnetic analog α-LuAl0.56Mn0.44B4 has a
much smaller value around χ ∼ 2×10−4 emu/mol and its
temperature dependence does not exhibit any anomaly.
All these results indicate that Mn in α-LuAl0.56Mn0.44B4
should be nonmagnetic.
To confirm the nonmagnetic state, we have carried
out the muon spin relaxation measurements under zero
magnetic field (ZF-µSR) in a polycrystalline specimen of
α-LuAl0.56Mn0.44B4 down to 1.7 K. Figure 2(c) shows
the temperature dependence of the ZF-µSR spectra in α-
4LuAl0.56Mn0.44B4 at 50 K and 1.7 K. We have observed
no significant change in the ZF-µSR spectra below 50 K.
Time evolution of the muon decay asymmetry A(t) were
analyzed by using the Kubo-Toyabe function,
A(t) = A(0)
[
1
3
+
2
3
(1 −∆2t2) exp(−
∆2t2
2
)
]
. (1)
Here, ∆ is the static relaxation rate due to the distribu-
tion of internal fields with dipolar width ∆/γµ (γµ is the
muon gyromagnetic ratio). The temperature dependence
of ∆ is also shown in the inset of Fig 2(c). The size in
∆ is so small that the origin of the internal field at the
muon site should be considered due to a weak and static
magnetic field from the nuclear dipolar moments of 11B,
55Mn, 175Lu, and we have not observed any additional
internal field down to 1.7 K. Thus, it is reasonable to
conclude that the magnetic state of α-LuAl0.56Mn0.44B4
is nonmagnetic and the magnetism of α-YbAl1−xMnxB4,
is not owing to Mn 3d, but Yb 4f moments.
To our knowledge, the antiferromagnetic transition
temperature reaching 20 K is the highest among the Yb-
based magnets and HF compounds at ambient pressure.
Interestingly, TN peaks at x = 0.27 and starts decreasing
with further substitution as found in both magnetic sus-
ceptibility and specific heat results (Figs. 2(a) and 2(b)).
It should be also noted that the Mn substitution changes
the magnetic anisotropy. While the pure α-YbAlB4 has
the Ising type moment along the c-axis and the ab-plane
susceptibility is almost temperature independent below
300 K, the Mn substitution induces strong temperature
dependence in the ab-plane susceptibility and thus the
susceptibility becomes more isotropic with the Mn sub-
stitution, as can be seen in the inverse susceptibility as a
function of temperature in Fig. 2(a) inset.
To further understand the Mn substitution effects, we
made the Curie-Weiss (CW) fitting to both the ab-plane
and the c-axis components of the susceptibility χ(T ).
The fitting was performed in the temperature region be-
tween 150 K and 250 K except for the ab-plane compo-
nent of the pure system (Fig. 2(a) inset). On the other
hand, the magnetic part of the entropy Smag was esti-
mated using the following formula,
Smag =
∫
Cmag
T
dT, (2)
with assuming the linear increase of Cmag between 0 and
2 K. Here, Cmag indicates the magnetic part of the spe-
cific heat estimated as noted in the caption of Fig. 2(b).
Interestingly, the entropy in the paramagnetic state, e.g.
at 40 K, increases with the Mn substitution and reaches
a value around R ln 2 at x ≥ 0.27 (Fig. 2(b) inset). This
indicates that the ground state remains doublet, but the
associated Kondo temperature TK decreases significantly
with the Mn substitution as we will discuss in the follow-
ing.
Figure 2(d) shows the Kondo temperature TK, the
Weiss temperature (ΘW), and the effective moment
(Peff). The Kondo temperature TK was estimated using
the temperature dependence of the entropy (Fig. 2(b)
inset) using the relation,
Smag (TK/2) = R ln 2. (3)
Notably, the x dependence of both the Kondo temper-
ature and the Weiss temperature ΘW(c) for the c-axis
component of the susceptibility nearly collapse on top.
As for the ab-plane component, the pure system exhibits
a peak at 200-250 K due to the significant valence fluctu-
ations in this system [40, 43, 53]. Therefore, we measured
the high temperature susceptibility up to T = 700 K and
found a CW behavior at higher temperature than 300
K (Fig. 2(a) inset). While both TK and ΘW(c) are
found to be ∼ 130 K for the c-axis component, ΘW(ab)
for the ab-plane component reaches about 350 K in the
pure system from the fitting at T s between 600 and 700
K.
With increasing x(Mn), we find the systematic de-
crease in all ΘW(ab), ΘW(c) and TK. This indicates the
localization of the Yb moment and thus, the crossover
from the valence fluctuating regime to the Kondo regime
is systematically induced by the Mn substitution. In fact,
the local moment Peff gradually increases and reaches 4.5
∼ 4.7 µB at x > 0.27 (Peff of isotropic Yb
3+ is 4.54 µB.),
which shows that the Yb valence reaches 3+ with the Mn
substitution.
Generally, in the Kondo regime, the magnetic inter-
actions are dominated by the RKKY interaction. Theo-
retically, the magnetic transition temperature due to the
RKKY interaction is known to be proportional to the de
Gennes factor, namely,
(deGennes factor) = (gJ − 1)
2 J (J + 1) . (4)
In this equation, gJ and J are the Lande’s g factor and to-
tal angular momentum of a rare earth ion respectively. In
fact, this relation has been confirmed so far in various sys-
tems including RNi2B2C [54], RPd2Pb [55], RAIn5[56],
R2AIn8 [56] (A = Rh or Ir).
RAlB4 with the YCrB4 structure type is known to have
a magnetic ordering for R = Tm, Er, and Ho, as sum-
marized in Figure 2(e). Using the de Gennes factor, one
may estimate the transition temperature as shown by the
solid lines in Fig. 2(e), which indicates TN expected for
R = Yb should be less than 2 K. This is actually the
same scale as the magnetic ordering temperatures found
in other Yb based heavy fermion systems [22, 23]. In
sharp contrast, TN of α-YbAl0.73Mn0.27B4 is strikingly
one order of magnitude higher than those with other Yb-
based HF systems and even with other RAlB4 systems,
thus indicating that the magnetism in α-YbAl1−xMnxB4
is not a localized RKKY magnetism, but most likely an
itinerant type.
Recent structure analysis with using powder X-ray
diffraction under high pressure on β-YbAlB4 indicates
that the B rings sandwiching Yb ion (Fig. 1 inset) low-
ers its symmetry from nearly 7 fold by application of
5




     
D<E$Ox0Qx%
T.
U ab
P
:
FP



x 



D/X$O0Q%





  
U P
DJ
P
:
FP

T.
x 
FIG. 3. Temperature dependence of the ab-plane resistivity
for α-YbAl1−xMnxB4 with different x. The inset indicates
the semi logarithmic plot of the 1/T dependence of the mag-
netic part of the resistivity ρmag for x = 0.48. The magnetic
part ρmag is defined as ρmag = ρ(α-YbAl0.52Mn0.48B4)−ρ(α-
LuAl0.56Mn0.44B4). The solid line indicates the fit to the
activation law with the gap ∆ = 50 K (See text). The tem-
perature dependence of the in-plane resistivity for the non-
magnetic analog α-LuAl0.56Mn0.44 is also shown in the main
panel.
pressure more than 5.8(1) GPa [57]. One theoretical ap-
proach pointed out that this 7 fold symmetry stabilizes
the Yb ground state as |Jz = ±5/2 >, and it is the origin
of anisotropical hybridization as well as its Ising behav-
ior along the c-axis at ambient pressure [58, 59]. These
results suggest that the deformation in the local symme-
try under pressure suppresses the Ising-like behavior and
induces the 30 K transition under 8 GPa in β-YbAlB4.
On the other hand, this may be also the case in α-
YbAlB4 and the magnetism induced by the Mn substi-
tution. Nearly the same temperature dependence of the
susceptibility has been seen for both phases of YbAlB4 at
ambient pressure. Thus, the crystal electric field (CEF)
scheme must be nearly the same for both phases [40].
Indeed, the recent measurements of X-ray magnetic cir-
cular dichroism and angle resolved PES indicates the
ground state of α-YbAlB4 has the |Jz = ±5/2 > state
[53, 60]. On the other hand, the systematic change in
the anisotropy in the susceptibility as indicated in Fig.
2(a) and its inset demonstrates that the CEF ground
state changes with the Mn substitution, while keeping
the doublet as the magnetic entropy at 40 K keeps the
value around Rln2. Thus, most likely the ground dou-
blet changes from |Jz = ±5/2 > state due to the local
symmetry deformation around the Yb-site owing to the
Mn substitution, and this should play an important role
in inducing the high temperature itinerant type of mag-
netism.
Another effect due to the chemical substitution is
the carrier doping. Such carrier doping may well
change the transport properties, and therefore, we per-
formed the longitudinal resistivity measurements for α-
YbAl1−xMnxB4 (Figure 3). The size as well as temper-
ature dependence of the resistivity dramatically changes
with the Mn substitutions. The good metallic behavior
seen in the pure system becomes lost already at x = 0.11
and the resistivity both at the room temperature and 2
K increases nearly linearly with x. The resistivity at 2
K for x = 0.57 is ∼ 60 times larger than the one for
x = 0. Moreover, the temperature dependence system-
atically changes into a more incoherent semimetallic or
non-metallic behavior by doping Mn. These indicate that
the carrier concentration must decrease with the Mn con-
centration. We also point out that the high temperature
resistivity for x ∼ 0.5 can be roughly fit with the ac-
tivation law, namely, ρ = ρ0 exp(∆/T ) with the acti-
vation energy of ∆ ∼ 50 K. For example, the inset of
Fig. 3 indicates that the magnetic part of the resistivity
for x = 0.48 can be fit to the activation law with the
gap scale of 50 K for a high temperature region between
200 K and 300 K. This suggests that the highly resis-
tive transport induced by Mn substitution is the results
of the system approaching an insulating state. The fact
that the activation law does not describe the resistivity
at low temperatures indicates impurity bands causing the
saturation of the resistivity on cooling.
To investigate the origin of the insulating behavior,
now we discuss the results of the photoemission spec-
troscopy (PES). The inset of Figure 4(a) shows the high-
resolutional PES spectra near EF for α-YbAl1−xMnxB4
[x(Mn) = 0] at various temperatures. To evaluate the
density of state (DOS), the PES spectra are divided by
the spectra of gold for each temperature. The derived re-
sults, namely experimental DOS (ExDOS), are given in
the main panels of Figures. 4 (a) and (b) for x = 0 and
x = 0.39, respectively. This procedure is widely accepted
as a method to evaluate DOS near EF. The derived Ex-
DOS for x = 0 scarcely depends on the temperature. On
the other hand, ExDOS near EF for x = 0.39 is mostly
flat at T = 80 K and suppressed as the temperature de-
creases. In addition, the intense peak structure above
EF is observed especially below T ∼ 15 K, corresponding
to the appearance of the localized state just above EF
at low temperatures. The depression of ExDOS near EF
and intense peak structure above EF is observed for all
of the doped samples.
For quantitative discussion, ExDOS at EF are plot-
ted in Figure 4(c) as a function of temperature. Ex-
DOS at EF for x = 0 exceeds 1, indicating the Fermi
liquid metal. On the other hand, ExDOS at EF for the
doped samples (x > 0) fall below 1 and decrease as the
temperature decreases. Although the spectral changes
seem to be large around TN ∼ 15 K for x = 0.27 and
x = 0.39, the temperature-dependent depressions of Ex-
DOS are observed for all of the doped samples and starts
above the magnetic transition temperature TN. These
results are consistent with the resistivity measurements
and indicate the formation of the pseudo-gap, or c-f hy-
bridization gap, for α-YbAl1−xMnxB4 (x > 0).
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FIG. 4. (a) and (b) Experimental density of state (ExDOS) near EF for α-YbAl1−xMnxB4 (a) [x(Mn) = 0] and (b) [x(Mn) =
0.39] derived from the PES measurements. Inset of (a) shows the PES spectra for x = 0. The PES spectra are normalized by
the area between -20 and 60 meV. Examples of the line fittings for x = 0.39 at T=5 K are illustrated in the inset of (b). (c)
and (d) Temperature dependence of (c) ExDOS at EF and (d) gap size ∆gap = (|∆o|+ |∆u|)/2 for α-YbAl1−xMnxB4 estimated
from the ExDOS spectra. Inset of (d) shows a schematic diagram of partial DOS in the c-f hybridization model. (e) Calculated
DOS based on the c-f hybridized model for α-YbAl1−xMnxB4 [x(Mn) = 0.39]. The parameters are ν=320 meV for T = 5
K and ν = 330 meV for T = 20 K and 40 K with TK = 25 K for x(Mn) = 0.39, which is taken from the results shown in
Fig. 2(d). The dotted line denotes the calculation at T = 0 K using same parameters for T = 5 K without the experimental
broadening factor. Inset shows the dispersions of the c-f hybridized bands assumed in the calculation. The dashed box denotes
the Brillouin zone accepted in the PES measurement with hν = 7 eV.
In addition, we determined the binding energies of the
three features ∆c, ∆o and ∆u, as the crossing points of
lines from line fittings. An example of the fitting is il-
lustrated in the inset of Fig. 4(b) for x = 0.39 at T
= 5 K and the results are summarized in Figure 4(d).
The characteristic features of the binding energy for the
c-f hybridization gaps were examined for various heavy
fermion systems [61–63]. According to the c-f hybridiza-
tion model, as the temperature decreases, the c-f hy-
bridization between the dispersive conduction band and
the heavy flat Yb f level gradually reallocate, resulting
in bonding and antibonding bands below and above EF,
respectively. Near EF, the heavy Yb f -derived bands
are located at ∆o and ∆u both sides of EF [See in-
set of Fig. 4(d)]. Within the energy region where the
conduction band hybridizes with the f level, the con-
duction band loses its intensity and forms a pseudo-gap
within ∆c across TK. We attribute the higher-binding-
energy feature to the pseudo-gap of the conduction band
∆c where the depression of DOS starts. On the other
hand, the shoulder structures in the occupied and un-
occupied region near EF are attributed to ∆o and ∆u,
respectively. The gap size, which roughly corresponds to
the transport gap, can be defined as the half of them,
∆gap = (|∆o| + |∆u|)/2. The shoulder structures are
shifted to EF and then ∆gap reduces at low temperatures
for all of the doped samples as shown in Fig. 4(d). The
shift of the Yb 4f level to the lower binding energy side at
low temperatures are also observed in the Kondo metal
YbAl3 [62] and semiconductor YbB12 [63, 64]. These
behaviors were reasonably explained within the scheme
of the single impurity Anderson model [65, 66]. The
7temperature-dependent shift of the Yb 4f level and de-
pression of DOS at EF are indicated by a calculation
based on the periodic Anderson model. Significantly, the
size of the transport gap ∆ seen in the inset of Fig. 3
has roughly the same order of magnitude as those seen
in ∆gap obtained in the above analyses of the PES spec-
tra. This reveals that the origin of the gap formation is
the Kondo hybridization and thus the system at x ∼ 0.5
should be regarded as proximate to a Kondo insulating
state.
One may notice that the spectral shape of ExDOS
across EF at low temperature is highly asymmetric and
much alike the Fano lineshape observed on scanning tun-
neling spectroscopy (STS) experiments for several Kondo
systems [67–70]. The observation of the Fano lineshape
on the STS experiments has been strong evidence of the
Kondo hybridization gap for these systems. The asym-
metry of DOS across EF on the STS experiments mainly
arise from the interference between the tunneling ampli-
tude tf and tc which are the hopping amplitudes from
the tip to f level and conduction bands, respectively. On
the other hand, in the PES process, there is no matrix
element corresponding to the difference of the tunneling
amplitudes in STS. However, the limitation of the Bril-
louin zone accepting in the PES experiments may well
explain the observed gap asymmetricity. The acceptance
angle of the PES analyzer is ∼ 15 degree, which corre-
sponds to ∼ ±0.25A˚
−1
in the momentum space for PES
with hν = 7 eV (W ∼ 4 eV). This fact limits the PES
measurement performing over ∼ 35% of the Brillion zone
in the ab plane of α-YbAl1−xMnxB4. In the Yb system,
the unoccupied f derived band is located near Γ point
as illustrated in the inset of Figure 4(e) and therefore
enhanced in the experiment. On the other hand, the oc-
cupied f derived band resides near the zone boundary.
Therefore, the peak in the valence band will be much
suppressed in the present low-energy PES measurements.
In the literature of the STS studies, DOS near the
hybridization gap can be modeled by the Kondo impurity
Hamiltonian. The energies of two hybridized bands are
described as
E±k =
Eck + E
f
k
2
+
√√√√(Eck − Efk
2
)2
+ ν2, (5)
where Eck and E
f
k are the dispersions of the electron like
conduction band and heavy flat f band, respectively. ν is
the hybridization strength. Fig. 4(e) displays an example
of the calculated DOS based on the c-f hybridized bands
above. The dispersions and Brillouin zone assumed in
the calculation are given in the inset of Fig. 4(e). In
this calculation, the lifetime of the c and f electrons are
included as the self-energy of the Green function, which
is governed by the Kondo temperature TK [71, 72]. The
peak width and line shape of the calculation are in good
agreement with the experiment for x = 0.39. Especially,
the shoulder structures of ∆o and ∆u agree with the order
of the inflection point of ∼ kBTK in the calculation. In
addition, DOS at EF reaches 0 on the calculation for
T = 0 K using the same parameter sets for T = 5 K
without the experimental broadening factors, indicating
the ground state of α-YbAl1−xMnxB4 is proximity to a
Kondo insulator.
The above PES results indicate that 4f electrons re-
main itinerant and mixed valent while Mn doping signif-
icantly suppresses the Kondo temperature scale. There-
fore, the systematic increase in the resistivity and the gap
formation with Mn doping is the hybridization effects,
and thus comes from the crossover from an intermediate
valence metal to a Kondo insulator. While Kondo insula-
tors are often found in a cubic system, some orthorhom-
bic systems similarly to the present system are known to
be Kondo insulators such as CeNiSn[73], CeRhSb[74, 75],
CeRhAs[76] and CeTr2Al10 (Tr = Os, Ru)[35, 76, 77]. In
particular, CeTr2Al10 also shows a high magnetic transi-
tion temperature, and intensive studies have been made
to reveal this origin [36, 78]. Similar Kondo insulator
type behavior found in α-YbAl1−xMnxB4 suggests that
the same type of mechanism is the origin for the high
temperature magnetism found in in the highly resistive
state proximate to a Kondo insulator.
To conclude, through the comprehensive measure-
ments for α-YbAl1−xMnxB4, we found that the Mn
substitution induces a high temperature antiferromag-
netism, whose transition temperature reaches 20 K at
x = 0.27. This is the highest magnetic transition tem-
perature among the Yb based HF systems at ambient
pressure. The resistivity and PES measurements show
that the system exhibits highly resistive transport be-
haviors, forming a gap and peak structure near the Fermi
energy in the PES spectra with the Mn substitution, in-
dicating that the main role of the Mn substitution is to
decreases the hybridization strength to bring the system
into a more Kondo-like localized heavy fermion state out
of the mixed valence state of the pure α-YbAlB4. Fur-
thermore, a clear gap formation across the Fermi energy
in the PES measurements at the temperature well above
the magnetic transition temperature indicates that the
systems exhibit a crossover from a heavy mass Fermi liq-
uid to a Kondo insulator with Mn doping. Our observa-
tion of the significantly high magnetic transition temper-
ature in a metallic state proximate to a Kondo insulator is
highly interesting and may share the similar origin to the
one observed in CeTr2Al10. Further measurements using
microscopic probes are significant to reveal the origin of
the unusual magnetism in the metallic state proximate
to a Kondo insulator.
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